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1.0  INTRODUCTION 

Mechanical  stress  and  electrochemical  reactions  occuring  at  a  metal 

surface  can  interact  synergistical ly  to  produce  stress  corrosion  cracking 

(SCC)  or  corrosion  fatigue  (CF).  Evaluation  of  SCC  susceptibility  has 

historically  relied  on  placing  specimens  under  high  strain  in  a  corrosive 

environment  and  determining  the  time  for  cracks  to  initiate  or  for  load 

relaxation  to  occur.  This  testing  includes  the  use  of  U-bends,  C-rings  or 

specimens  under  constant  load.  These  tests  typically  require  a  large  number 

of  specimens  which  are  destroyed  in  the  course  of  the  test.  Alternatively, 

the  reduction  in  strength  of  a  test  specimen  pulled  in  tension  at  constant 

extension  rate  to  rupture  provides  a  rapid,  but  destructive  test  for  SCC. 

Parkins  and  co-workers  have  employed  rapid  electrochemical  techniques  which 

they  report  to  predict  the  potential  regions  at  which  C-Mn  steels  tend  to 
1  0 

crack.  Specifically,  Parkins  et  al  have  determined  potential  regions  where 
the  steels  are  known  to  be  susceptible  to  SCC  in  room  temperature  phosphate2 

3 

or  in  carbonate/bicarbonate  solutions  at  elevated  temperatures  based  on  the 
difference  between  currents  observed  for  rapid  or  slow  rates  of  anodic 
potent iodynamic  polarization.  Armstrong  and  Coates-*  have  obtained  relaxation 
times  for  passivation  from  electrochemical  impedance  data  which  show 
characteristic  features  in  the  acti ve-to-passi ve  transition  region  where  SCC 
was  observed  for  low  carbon  steel  in  carbonate/bicarbonate  solutions  at 
70°C.  These  empirical  correlations  between  electrochemical  results  and  SCC 
behavior  were  related  to  the  interplay  between  dissolution  and  repassivation 
phenomena . 

A  better  method  for  quantifying  the  synergistic  relationship  between 
mechanical  stress  and  electrochemical  kinetics  could  be  based  on  measurement 
of  currents  resulting  from  a  mechanical  perturbation.  Despic  et  al  have 
presented  theoretical  considerations  and  experimental  results  for  the  anodic 
currents  produced  by  a  number  of  metals  strained  elastically  and  plastically 
at  different  rates.  They  considered  the  current  response  to  be  the  sum  of 
electrochemical  currents  due  to  double  layer  charging,  increased  roughness. 
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enhanced  slip  edge  dissolution  and  enhanced  dissolution  of  the  planes  exposed 

fi  ft 

by  slip.  While  this  work  and  that  of  others  corresponds  primarily  to 

enhanced  electrode  processes  due  to  plastic  deformation,  Roelandt  and 

g 

Vereecken  have  presented  results  pertaining  to  the  electrochemical  response 

of  Alloy  600  in  IN  i^SO^  +  0.01%  KSCN  under  elastic  conditions.  They  have 

defined  a  mechanical  impedance  as  the  complex  ratio  of  applied  current  Iac>  to 

applied  stress,  Ao.  By  analogy  to  the  electrochemical  transfer  function  this 

ratio  should  be  defined  as  a  mechanical  admittance,  Z~*: 

m 


i 


-i 


■i 


.  I 
Z_1  =  ac 
m  Ao 


(1) 


M 


where  Iac  is  the  current  responding  to  a  mechanical  fluctuation  Ao.  Their 
work  was  performed  under  high  anodic  polarization  of  0.95  and  1.0  V  (SCE)  and 
at  open  circuit.  The  phase  angle  vs  frequency  behavior  of  (Eq.  (1))  was 
related  to  the  stability  of  the  oxide  films  formed  on  the  alloy  surface.  At 
the  passive  potential  of  0.95  V  the  phase  angle  rapidly  increased  with 
increasing  frequency  between  0.16  and  1  Hz  ,  but  increased  more  slowly  both  at 
the  onset  of  transpassive  dissolution  at  1.0  V  and  at  the  open-circuit  poten¬ 
tial.  An  explanation  of  these  findings  was  not  given.  Talbot  et  al*°  have 
evaluated  I.,  for  mild  steel,  stainless  steel  and  A1  alloys  resulting  from  the 
application  of  cyclic  stress  at  24  Hz  in  the  elastic  region  in  a  number  of 
electrolytes.  They  observed  an  induction  time  for  the  onset  of  Ia.  for  mild 

dC 

steel  and  a  minimum  Iac  at  the  pitting  potential  for  the  stainless  steels. 

In  a  previous  project,**  electrochemical  techniques  for  predicting 
SCC  susceptibility  have  been  evaluated  and  constant  extension  rate  tests 
(CERT)  have  been  performed  for  a  C-Mn  steel  (C 1 1 1 7 )  in  1M  NajPO^,  pH  =  4  at 
21°C  and  in  1M  NaHCO^/O.lM  Na2C03  at  70°C  at  controlled  potentials  with 
continuous  recording  of  the  electrochemical  impedance.  The  occurrence  of  a 
high  frequency  relaxation  phenomenon  in  the  potential  region  where  maximum 
susceptibility  to  SCC  is  observed  was  considered  as  evidence  that  impedance 
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spectra  can  be  used  to  assess  the  SCC  behavior.  A  model  for  the  surface 
reactions  occurring  during  CERT  and  the  resulting  impedance  behavior  was 
discussed.  Further  work  using  impedance  techniques  was  carried  out  initially 
in  the  present  project  for  Cl 1 1 7  steel  in  the  absence  of  strain  for  comparison 
with  the  previous  data. 

The  main  emphasis  in  this  project  was  the  evaluation  of  the  electro¬ 
chemical/mechanical  admittance,  Z  defined  by  Eq.  (1)  for  C-Mn  steel  as  a 
function  of  potential  in  a  pH  4  phosphate  solution  and  in  carbonate/ 
bicarbonate  at  70°C.  Since  these  electrolytes  produce  SCC  for  C-Mn  steel  in 
certain  narrow  ranges  of  anodic  potentials,  measurements  of  Zm  for  the  steels 
in  these  environments  were  considered  to  provide  a  test  of  the  usefulness  of 
the  method  for  evaluating  SCC  susceptibility.  Since  the  mechanical  stress  was 
applied  so  as  to  remain  within  the  elastic  range,  the  mechanical  impedance 
tests  are  essentially  nondestructive. 

Corrosion  fatigue  (CF)  tests  have  been  carried  out  for  A1  7075-T73  in 
0.5  M  NaCl  with  the  measurement  of  a  fatigue  transfer  function,  or  fatigue 
impedance,  defined  by  Eq.  (2): 

Z-1  =  Iac/AK  U> 

where  AK  is  the  cyclic  stress  intensity  factor.  Since  the  fatigue  process 
involves  irreversible  plastic  deformation  at  the  crack  tip,  it  cannot  be  des¬ 
cribed  in  terms  of  a  linear  response  function  and  Z..  is  not  a  true  impedance. 

-1  K 

However,  the  fatigue  admittance  Z^  provides  a  measure  of  the  ac  current 
responding  to  the  applied  load  as  normalized  by  aK.  The  frequency  response  of 
these  very  low  level  cyclic  currents  (separated  from  a  large  dc  current  for 
the  bulk  specimen)  quantifies  the  extent  to  which  the  corrosion  process 
couples  to  the  fatigue  process,  thereby  giving  mechanistic  information. 
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2.0  EXPERIMENTAL  PROCEDURE 

The  experimental  procedure  for  carrying  out  CERT  at  controlled 

12 

potential  with  simultaneous  recording  of  the  electrochemical  impedance  has 
been  described  in  the  final  report  of  a  previous  project.**  A  Solartron  1174 
Transfer  Function  Analyzer  is  used  to  obtain  the  electrochemical  impedance 
data  which  are  analyzed  with  a  computerized  system  which  also  collects  the 
impedance  data.  The  approach  for  determining  the  mechanical  admittance  and 
for  comparing  the  CF  experiments  will  be  described  below. 

2.1  Sample  Preparation 

For  CERT  and  measurement  of  the  mechanical  admittance  the  specimens 
of  C 1 1 17  steel  were  prepared  according  to  the  methods  described  in  the  pre¬ 
vious  report.**  CERT  experiments  were  performed  at  70°C  and  21 °C  in  IN 
carbonate/lN  bicarbonate,  and  pH  4  IN  phosphate  electrolytes  respecti vely . 

For  the  mechanical  admittance  tests  the  cell  shown  in  Fig.  la  was  used.  Grips 
of  the  MTS  machine  clasped  the  threaded  portion  of  the  specimen.  The  teflon 
cell  contained  a  Pt  counter  electrode  and  a  Ag/AgCl  reference  electrode  in  a 
quartz  Luggin  capillary  holder.  A  cyclic  load  of  1000  lbs  amplitude  was 

O 

applied  to  the  specimen  to  give  a  stress  amplitude  of  62  MN/m  ,  not  to  exceed 
the  elastic  range  of  the  material  (Fig.  lb). 

For  the  CF  tests  an  A1  7075  double  cantlever  beam  specimen  (DCB)  was 
machined  from  1/2  in.  A1  7075  plate  with  a  T73  treatment.  The  TL  orientation 
was  used.  The  specimen  had  the  dimensions  shown  in  Fig.  2.  The  DCB  specimen 
allows  the  maintainance  of  a  constant  amplitude  of  cyclic  stress  intensity  as 
the  crack  grows  since  the  stress  intensity  factor,  K,  depends  only  on  the 

1  O 

externally  applied  load,P,  and  sample  geometry: 

K  =  35.5P//TTw  (3) 

n 
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Ktt-Z1640 


(b) 


Fig.  1  (a)  Cell  for  the  mechanical  impedance  measurement. 

(b)  Stress  vs  strain  curve  for  C1117  steel  in 
carbonate/bicarbonate  solution  at  -750  mV  (SCE),  70°C. 

A  1.5  in.  long  notch  was  electrodischarge  machined  (EDM)  in  the  specimen,  the 
specimen  was  sand  blasted  and  a  scale  was  scribed  at  25  mil  intervals  extend¬ 
ing  from  the  end  of  the  EDM  notch  (Fig  2).  Observation  of  the  crack  with  a  3X 
stereo  microscope  allowed  for  the  determination  of  the  crack  growth  rate  cal¬ 
culated  from  a  least  squares  fit  of  crack  length  vs  time  data.  A  aK  of 
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350  Pa/mm  with  an  R-ratio,  n/Kmax,  of  0.27  was  applied  to  the  A1  7075-T73 
TL  DCB  specimens  in  aerated  0.5  M  NaCl. 

Initial  experiments  were  run  with  no  further  preparation  of  the  A1 
specimen.  However,  a  corroding  region  at  the  metal -ai r-electrolyte  interface 
produced  a  large  ac  current  signal  synchronized  with  the  applied  load  thereby 
dominating  the  ac  signal  from  the  growing  fatigue  crack.  To  eliminate  this 
unwanted  signal,  the  region  of  the  specimen  around  the  water-line  was  painted 
with  a  non-conducting  laquer.  This  reduced  the  observed  ac  signal  by  several 
orders  of  magnitude.  The  remaining  signal  presumably  results  only  from  CF 
processes. 

2.2  Instrumentation 

The  instrumentation  used  to  detect  the  very  small  current  signals, 
Iac,  synchronized  with  the  applied  loads  appears  in  Fig.  3.  The  low  ac 
signals  were  detected  from  the  current  response  measured  as  a  potential  drop 
across  a  current  measuring  resistor  in  the  case  of  the  SCC  experiments  where 
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3  (a)  Schematic  for  the  instrumentation  used  to  obtain 

the  mechanical  impedance,  (b)  Schematic  of  instrumentation 
for  measuring  the  fatigue  current  response. 
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the  specimen  was  on  a  hard  grou  J  (Fig.  3a),  or  from  the  current  amplifier 

output  of  the  potentiostat  (Fig.  3b)  for  the  CF  experiment  for  which  the  DCB 

specimen  was  electrically  isolated  from  the  grips  and  therefore  could  be 

connected  to  the  virtual  ground  of  the  current  amplifier  input  (working 

electrode  lead  of  the  potentiostat).  In  either  case  the  current  signal  was 

input  to  the  signal  channel  of  the  lock-in  amplifier  (LIA)  which  was  phase- 

loop  locked  to  the  cyclic  mechanical  stress  either  by  connecting  the  reference 

of  the  LIA  to  the  excitation  oscillator,  or  directly  to  the  load  cell  output 

through  a  buffer  amplifier.  Typically  a  filter  with  a  4  s  time  constant  was 

used  on  the  output  of  the  LIA  which  gave  the  in-phase  and  out-of-phase  rms 

I  and  the  rms  modulus  of  the  synchronous  current,  Iac.  The  magnitude  of  the 

ac  current  is  used  as  a  measure  of  I,r,  which  was  normalized  by  dividing  by 

-1 

the  applied  stress,  to  yield  the  mechanical  admittance  Z  ,  or  divided  by  aK 
to  give  the  fatigue  admittance  Z^1.  Both  functions  may  be  considered  as 
effective  mechanical -electrochemical  -transfer  functions  (METF). 

The  mechanical  admittance  of  the  C 1 1 1 7  steel  was  measured  as  a 
function  of  potential  while  scanning  the  potential  starting  in  the  passive 
region  (-200  to  -900  mV  vs  Ag/AgCl  in  carbonate/bicarbonate  solutions  at  70°C, 
and  +400  to  -900  mV  for  the  pH  4  phosphate  solutions).  The  CF  experiments 
were  performed  in  0.5M  NaCl  for  potential  scans  from  -1050  mV  to  -660  mV, 
while  recording  the  LIA  detected  alternating  current,  Iac.  The  scan  rates 
were  1.8  mV/min. 
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3.0  RESULTS 

3.1  Electrochemical  Impedance  and  Stress  Corrosion  Cracking 

In  order  to  define  more  closely  the  potential  region  in  which  Cl 1 1 7 
steel  undergoes  stress  corrosion  cracking  (SCC),  CERT  was  performed  in  IN 
NaHCOj  +  IN  Na2C03  at  70°C  in  the  potential  region  between  -600  mV  and  -750  mV 
vs  SCE.  The  samples  were  heat  treated  at  970°C  for  one  hour  and  furnace 
cooled.  As  Table  I  shows,  pronounced  cracking  occurred  at  -700  mV  and 
-750  mV.  In  Table  I  the  strain  e,  the  yield  strength  Y,  ultimate  strength 
UTS,  fracture  energy  U  (as  obtained  by  integration  of  the  stress-strain  curve) 
and  the  time-to-fai lure  t^  are  listed.  Figure  4  shows  the  surfaces  of  the 
samples  after  CERT  at  -700  mV  and  -600  mV. 


Table  I 

Summary  of  CERT  Data  for  C 1 1 17  Steel  in 
IN  NaHC03  +  IN  Na2C03  at  70°C 


Eappl 

(mV  vs  SCE) 

e 

(%) 

Y 

(106Pa) 

UTS 

(106Pa) 

U 

(N»m) 

V 

(h) 

Appearance 

Cracks 

-600 

20.6 

270 

466 

8.88 

22.9 

grey,  dull 

none 

-650 

21.1 

200 

461 

8.91 

23.1 

black-blue 

few,  small 

-700 

18.9 

199 

424 

7.56 

20.6 

brown 

large 

-750 

19.5 

200 

461 

8.11 

21.0 

black-brown 

large,  fine 

air,  RT 

35.4 

219 

402 

13.10 

36.0 

shiny 

none 

RT  -  Room  temperature 


The  data  in  Table  I,  which  were  obtained  with  a  slightly  different 
electrolyte  composition  and  different  heat  treatment  than  in  the  earlier 
work**  to  obtain  increased  sensitivity  to  SCC,  confirm  the  earlier  results, 
and  narrow  the  region  of  susceptibility  to  SCC.  The  mechanical  impedance  data 
described  below  have  been  collected  in  the  potential  region  of  Table  I. 


9 
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The  electrochemical  impedance  data  (Fig.  5),  which  were  collected 
during  the  tests  of  Table  I  confirm  the  earlier  conclusions1*  that  changes  in 
the  high  frequency  portion  of  the  impedance  upon  transition  from  the  elastic 
region  to  the  plastic  region  of  the  stress-strain  curve  indicate  the 
occurrence  of  SCC.  At  -600  mV,  where  SCC  was  not  observed,  no  changes  in  the 
frequency  dependence  of  the  impedance  |Z|  and  phase  angle  9  occur  during 
CERT.  The  impedance  is  that  for  a  passive  surface.  At  -650  mV,  where  a  few, 
small  cracks  were  observed,  the  general  Impedance  behavior  remained  the  same 
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Fig.  5  Fitted  Impedance  spectra  In  the  elastic  and  plastic  region 
for  Cl 1 1 7  steel  In  IN  Na2C03  +  IN  NaHC03,  70°C  at 
four  potentials. 


PHASE  ANGLE  6 


Rockwell  International 

Science  Center 


NADC -81309-60  SC5329.8FR 


even  after  0.14  cm  elongation.  The  capacitance  increased  by  about  45%  pre¬ 
sumably  due  to  exposure  of  fresh  surface.  At  -700  mV  and  -750  mV  significant 
changes  are  seen.  An  additional  time  constant  occurs  at  high  frequencies 
during  elongation,  from  which  at  -750  mV  a  pore  resistance  can  be  determined 
which  decreases  upon  straining.  The  capacitance  doubles  upon  straining. 

These  results  are  consistent  with  the  previous  conclusions  that  large 
changes  in  the  impedance  spectra  upon  plastic  elongation  at  potentials  where  SCC 
occurs  are  due  to  growing  cracks  and  rupture  of  surface  scale.  In  order  to 
determine  whether  these  effects  could  be  attributed  directly  to  the  elongation 
and  consequent  rupture  of  the  surface  films,  impedance  measurements  of  the  same 
materials  were  made  in  the  absence  of  stress  as  a  function  of  time  in  the  same 
potential  region. 

In  all  cases  the  impedance  spectra  (Figs.  6a-d)  revealed  only  one  ap¬ 
parent  time  constant.  There  were  no  maxima  in  the  phase  angles  at  high  fre- 
quncies  as  observed  at  -700  mV  and  -750  mV  for  specimens  undergoing  elongation. 
In  all  cases  the  spectra  could  be  modelled  as  a  resistance,  R$,  in  series  with  a 
parallel  combination  of  a  transfer  resistance,  Rt,  and  a  non-ideal  impedance 

(jwK)"P,  where  0  <  p  <  1.  K  is  determined  from  the  impedance |Z at  w  =  1 
1 °9 |z | 1 

rad/s  (log  K  - - P - ).  p  represents  the  degree  of  deviation  of  the  nonideal 

impedance  (jwK)  ^  from  ideal  capacitive  behavior  for  which  the  corresponding 

M 

impedance  is  (jwC)  .  The  values  of  K  and  C  are  related  by  C  =  KR^  p  .  The  time 
constant  was  so  low  as  to  make  the  dc  limit  occur  beyond  the  range  of  the 
measurement,  and,  hence,  the  values  of  Rt  and  C  could  not  be  determined.  The 
other  parameters,  however,  appear  in  Table  II.  At  -700  and  -750  mV  a  porous 
scale  grows  on  the  surface  and  p<l.  At  all  potentials  except  -750  mV,  K 
increases  with  time  since  a  porous  conducting  film  grows  and  thereby  produces  an 
increased  electrode  surface  area.  This  causes  a  general  decrease  in  impedance 
with  time  (Fig.  6a-c).  However,  at  -750  mV  (Fig.  6d)  a  decrease  in  K  and 
subsequent  increase  in  overall  impedance  occurs  in  time.  Most  significantly  the 
values  of  R$,  which  is  the  sum  of  solution  resistance  plus  film  resistance,  show 
little  or  no  change  with  time  for  all  potentials. 
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Fig.  6a-b  Electrochemical  impedance  of  C1117  steel  in 
IN  NaHCOo  after  1  h  and  14  or  16  h  at  four 
potentials. 
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Cl  117  STEEL 
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NO  STRAIN 
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Fig.  6c-d  Electrochemical  Impedance  of  C1117  steel  In  IN  Na?C03  + 
IN  NaHCOo  after  1  h  and  14  or  16  h  at  four  different 


Rockwell  International 

Science  Center 


NADC-81309-60 


SC5329.8FR 


Table  II 

Analysis  of  Impedance  Data  for  Unstressed  C 1 1 17  Steel  at 
lh  and  12 -16h  in  the  Absence  of  Applied  Stress  (Fig.  6a-d) 


Eappl 

(mV  vs  SCE) 

Rs 

(ohm) 

lh 

K 

(Fl/0.s(l-l/0)) 

P 

Rs 

(ohm) 

1 2 - 1 6h 

K 

(Fl/P.$fl-1/P)) 

P 

-600 

0.6 

8.9. 10'3 

1.0 

0.6 

4.5»10”2 

1.0 

-650 

0.6 

7.8.10-2 

1.0 

0.5 

1-8-10"1 

1.0 

-700 

0.8 

8.2.10-3 

0.70 

0.8 

1.3.10"1 

0.75 

-750 

0.8 

3.4.10-2 

0.85 

0.8 

3.0* 10'3 

0.73 

F  =  farad 


This  contrasts  to  the  case  described  previously  where  the  specimens  undergo 
strain  and  show  rather  significant  changes  in  Rg  with  time  at  -700  mV  and 
-750  mV. 

Table  III  summarizes  the  ratios  R^/R^  between  the  impedances  as  a 

function  of  time  or  R®/Rp  as  a  function  of  strain  as  observed  previously. 

Under  strain,  changes  occur  in  the  surface  films  which  cause  Rp  in  the  plastic 

d  e  ^ 

region  to  decrease  giving  rise  to  ratios  of  R^/R$  significantly  greater  than 
1,  which  can  be  considered  as  a  diagnostic  criterion  for  the  occurrence  of 
SCC. 

Despite  the  fact  that  a  time  dependence  for  the  growth  or  loss  of 
surface  films  appears  for  the  unstressed  samples,  no  additional  time  constants 
N  become  apparent  during  the  12-16  hour  period  of  observation,  while  two  time 
constants  occur  in  the  region  of  SCC  (Table  III).  Most  significantly  no  de¬ 
crease  in  the  resistance  of  the  surface  films  occurs  as  a  function  of  time  for 
the  unstressed  specimens,  the  ratios  of  the  initial  to  final  values  R ^ /R ^  are 
all  near  1. 

These  results  show  that  the  susceptibility  to  SCC  can  be  determined 
from  the  analysis  of  impedance  data  obtained  during  CERT.  The  number  of  time 
constants  and  the  related  changes  of  the  resistance  of  surface  films  can  serve 
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as  diagnostic  criteria.  Only  one  time  constant  appears  in  the  impedance  spec¬ 
trum  at  all  potentials  even  after  the  12-16  hour  exposure  for  Cl 1 1 7  specimens 
in  the  absence  of  strain.  However,  during  CERT  two  time  constants  occur  at 
-700  mV  and  -750  mV  (see  Table  III).  In  the  absence  of  strain,  no  decrease  in 
the  series  resistance  occurs,  which  is  not  the  case  for  the  strained  surface, 
where  significant  changes  occur.  Significantly,  Parkins*  has  pointed  out  that 
SCC  is  observed  only  at  potentials  where  a  particular  surface  film  is  formed. 


Table  III 

Comparison  of  Time  Constants  and  Series  Resistances  for  Stressed 


and  Unstressed 

Cl  1 17 

Steel 

in  IN  Na2C0 

3  +  IN 

NaHCO 

3  at  70°C 

Unstressed 

Stressed 

(CERT) 

Eappl 

(mV  vs  SCE) 

< 

Nf 

T 

R>s 

Ne 

i 

NP 

T 

RX 

1 

1 

1.0 

1 

1 

1.0 

-650 

1 

1 

1.2 

1 

1 

0.9 

1 

1 

1.0 

1 

2 

1.9 

-750 

1 

1 

1.0 

2 

2 

2.2 

Nx:  Number  of  time  constants:  elastic  region  (e),  plastic 

(p);  initial  (i),  final  (f). 

Re/RP:  Ratio  of  series  resistance  observed  during  elastic 

s  s  deformation  to  series  resistance  observed  during  plastic 
deformation. 

R*/R^:  Ratio  of  series  resistance  observed  at  initial  exposure 

s  s  times  to  the  series  resistance  observed  at  12-16  hrs. 


3.2  The  Relationship  Between  SCC  Susceptibility  of  C 1 1 17  Steel  and  The 
Mechanical  Admittance 

Figure  7  presents  the  measured  mechanical  admittance  for  the  Cl 1 1 7 
steel  in  the  carbonate/bicarbonate  solution  at  70°C.  Maxima  of  I,„  and 
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p 

Fig.  7  Response,  Iac,  to  the  cyclic.stress,  Ao  =  63  MN/m 

and  mechanical  admittance  Z_i  as  a  function  of  frequency 
of  applied  load. 


Z  *  synchronized  with  applied  stress  appear  in  the  region  between  -650  and 
m  _i 

-750  mV.  The  specific  mechanical  admittance  Z  may  be  defined  as: 


(4) 


where  P  Is  the  applied  load  fluctuation,  ax  the  cross  sectional  area  of  the 
specimen's  gauge  section  and  iac  the  alternating  current  density.  For  a  gauge 
section  of  exposed  surface  area  a,.: 
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i  a  I 
7-l _ x  ac 

m  "  as  P 


(5) 


where  Ia/.  is  the  observed  ac  current.  An  exposed  surface  of  the  0.95  cm 

aC  ? 

(3/8  in.)  x  2.54  cm  (1  in.)  gauge  section  has  an  area  as  =  7.6  cm  and  a  cross 

O 

sectional  area  ax  =  0.71  cm.  A  load  amplitude  of  1000  pounds  gives  P/ax  =  63 

p 

MN/m  .  The  left  axes  in  Figs.  7,  9  and  10  contain  the  mechanical  admittance 
values,  Z"1 ,  corresponding  to  the  observed  Iac  shown  on  the  right  axes  of  the 
figures.  The  values  of  Z-^  lie  considerably  above  the  values  calculated  for 

m  q 

the  charging  of  the  double  layer  of  3.6  x  10"*  amp/kN  as  calculated  pre- 
viously .11 

The  magnitude  of  the  maximum  I,r  (or  Z-*)  in  Fig.  7  depends  on  the 

aL  rn 

frequency  of  the  applied  load.  A  current  value  determined  by  subtracting  the 
baseline  value  of  Iac  from  the  maximum  Iac  represents  an  intensity  of  the 
current  response  for  a  given  frequency,  which  is  plotted  in  Fig  8.  The  fre¬ 
quency  dependence  of  the  intensity,  I^ax,  for  the  coupling  of  the  stress  to 
the  electrochemical  reactions  takes  the  form  of  an  S-shaped  curve.  At  low 
frequencies  corresponding  to  low  strain  rates,  Imax  is  low,  whereas  at  high 

—  a  y  3C 

frequencies  I  reaches  a  new  plateau.  This  could  be  explained  by  more  rapid 
a  c 

degradation  than  passivation  of  the  surface  film  at  high  frequencies,  while  at 
low  frequencies  the  repassivation  reaction  heals  the  film  as  soon  as  it  de¬ 
grades  by  rupture  or  thinning.  It  should  be  noted  that  for  5  Hz  and  above, 
enhanced  Iac  exists  even  at  potentials  above  -650  mV  (Fig.  7)  showing  that 
high  strain  rates  cause  a  coupling  of  electrochemical  reactions  to  stress  well 
into  the  passive  region. 

Figure  9  shows  both  the  alternating  current,  Igc,  and  the  dc  current, 
*dc’^or  CHI?  steel  in  pH  4  phosphate  for  a  cathodic  potentiodynamic  scan 
from  a  passive  potential  of  400  mV  to  -900  mV  vs  SCE  at  a  frequency  of  5  Hz  of 
the  applied  load.  There  appears  to  be  some  correlation  of  I  with  Idc,  but 
only  for  anodic  currents.  No  coupling  with  the  cathodic  reaction  occurs  as 
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Fig.  8 

Dependence  of  maximum  minus 
baseline  I  from  Fig.  7  on 
the  frequency  of  applied 
stress. 
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cathodic  as  -900  mV.  In  the  absence  of  load,  no  ac  current  above  the  baseline 
value  appears,  but  a  large  maximum  of  1^  corresponding  to  reactivation  on  the 
scan  from  the  passive  to  the  active  region  appears  at  -150  mV  which  is  more 
noble  than  the  corresponding  current  peak  in  the  presence  of  a  cylic  load. 

The  corresponding  results  for  an  anodic  scan  from  -800  mV  to  400  mV  appear  in 
Fig.  10.  As  for  the  cathodic  scan  a  coupling  of  current  to  the  mechanical 
events  exists  only  at  anodic  potentials  as  evidenced  by  the  presence  of  only 
baseline  Iac  at  cathodic  potentials.  Two  current  peaks  of  the  anodic  ac 
response  appear  which  correlate  roughly  with  the  maxima  of  the  dc  current, 

Idc*  Some  oscillations  in  1^  appear  at  about  -150  mV  (Fig.  10),  where  the 
second  maximum  of  I.,  occurs. 

aC 


ICM-IUll 


POTENTIAL  (mV  vs  SCE) 


Fig.  10  Z"\  Iac  and  Id  for  Cl 1 1 7  steel  in  IN  NajPO^,  pH  4,  21 °C  for  a 
potential  scan  from  active  to  passive  at  a  rate  of  30  mV/min. 
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A  comparison  of  l.r  (and  Z  *)  at  20  Hz  and  5  Hz  in  Fig.  11  shows  some 
differences  in  the  potential  dependence  for  a  cathodic  scan.  At  20  Hz  a  sig¬ 
nificant  ac  response  occurs  at  passive  potentials  above  -100  mV.  Apparently 
the  higher  strain  rates  occurring  at  the  higher  frequencies  of  applied  load 
tend  to  extend  the  range  for  the  coupling  of  anodic  electrochemical  processes 
to  mechanical  stress  to  more  anodic  potentials  as  in  the  carbonate/bicarbonate 
case  (Fig.  7).  Significantly  no  coupling  of  electrode  kinetics  to  cathodic 
reactions  occurred  in  the  cathodic  region,  as  was  also  observed  in  the  case  of 
the  carbonate/bicarbonate  environment. 


Z~1  KS.1UTI 


Fig.  11  Potential  dependence  of  Iac  at  5  Hz  and  20  Hz  for  the  Cl 1 1 7 
steel  in  pH  4  phosphate  solution. 


Table  IV  shows  some  results  for  the  constant  extension  rate  tests 
(CERT)  for  the  C 1 1 17  steel  in  the  pH  4  phosphate  solution.  Although  there  is 
some  evidence  for  weakening  at  -525  mV  which  corresponds  to  the  maximum  of  Iac 
at  5  Hz  (Fig.  11),  no  cracks  were  observed  at  any  of  these  potentials  from 
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microscopic  examination.  Parkins  et  an  have  observed  SCC  for  carbon-manganese 
steels  in  pH  4  phosphate  between  -100  mV  and  -480  mV  (SCE)  with  a  sharp  maximum 
in  the  cracking  rate  at  -175  to  -200  mV.  Parkins'  data  should,  however,  be 
considered  with  caution,  since  it  was  claimed  that  SCC  occurs  only  in  1M  Na^PO^ 
and  1M  Na2HP0^,  but  not  in  1M  NaH2P0^,  which  from  a  chemical  standpoint  is 
surprising  since  at  pH  4  the  actual  solution  components  will  be  the  same  for  all 
of  these  solutions.  Our  previous  electrochemical  studies  in  these  solutions  had 
indeed  not  shown  any  differences  in  the  anodic  potentiostatic  curves.** 

Table  IV 

Summary  of  CERT  Data  for  C 1 1 17  Steel  in 
IN  Phosphate  at  pH  4 


-525 

224 

356 

10.1 

-225 

281 

427 

13.8 

+300 

272 

452 

14.7 

Ai  r 

219 

402 

13.1 

A  comparison  of  the  CERT  data  in  Tables  III  and  IV  and  the  mechanical 
admittance  results  demonstrates  that  the  current  response  synchronized  with 
applied  mechanical  stress  shows  whether  or  not  mechanical  stress  in  the  elas¬ 
tic  region  couples  to  electrochemical  reactions.  These  measurements  define 
the  necessary  conditions  for  SCC,  but  perhaps  not  the  sufficient  conditions. 
The  method  can  therefore  be  used  as  a  tool  for  rapidly  drawing  the  environ¬ 
mental  domains  (defined  by  either  elecrochemical  or  chemical  potential)  where 
SCC  might  occur  for  a  given  material.  The  susceptility  to  SCC  can  then  be 
defined  by  a  few  additional  constant  extension  rate  tests  in  the  region  where 
a  mechanical  admittance  was  detected,  while  in  the  conventional  approach  a 
large  test  matrix  is  needed  to  determine  the  potential  regions  for  SCC 
susceptibility. 
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3.3  Coupling  of  Electrochemical  Processes  to  the  Corrosion  Fatigue 
of  A1  7075-T73 

Figure  12  shows  the  observed  crack  growth  rate  for  A17075-T73  at  a 
stress  intensity  factor  of  350  Pa/mm  and  R-ratio  of  0.27  in  0.5  M  NaCl.  The 
growth  rate  shows  a  tendency  to  increase  with  the  frequency  of  the  cyclic  load 
and  potential  as  expected  for  materials  exhibiting  dissolution  enhanced  CF.*4 


6CS4-26687 


Al  7075-T73 
0.5M  NaCl 

AK  =  354  ±18  Pa\/mm 
R  =  0.27  ±  0.02 


0  10.0  Hz 
®  5.0  Hz 
□  1.0  Hz 
O  0.5  Hz 


-700  -760  -800  -850  -900  -960 

POTENTIAL  (mV  vs  SCE) 


-1000 


Fig.  12  Crack  growth  rate  as  a  function  of  potential_and  frequency  for 
cyclic  stress  intensity  factor,  aK  =  350  Pa/mm,  and 
R-ratio  =  0.27. 


Using  the  apparatus  shown  in  Fig.  3b,  the  ac  current  responding  to 
the  cyclic  load  was  measured.  The  ac  current  response,  Iac,  divided  by  aK 
defines  the  effective  fatigue  admittance,  Z^1  (Eq.  (2)).  Since  the  response 
is  not  linear,  does  not  represent  a  true  transfer  function.  Nevertheless, 
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the  function  as  defined  in  Eq.  (2)  provides  a  measure  of  the  coupling  of  the 
cyclic  load  to  the  electrode  kinetics  in  the  growing  crack.  Initial  experi¬ 
ments  showed  ac  currents  between  0.01  and  1  pa.  However,  it  was  realized  that 
corrosion  at  the  ai r/electrolyte/metal  interface  was  responsible  for  this  re¬ 
sponse  as  a  result  of  the  modulation  of  the  waterline  position  of  the  sample 
due  to  the  slight  deflection  of  the  specimen  above  and  below  the  electrolyte/ 
air  interface.  Waterline  corrosion  of  the  specimen  was  eliminated  by  painting 
the  portion  of  the  specimen  that  exists  at  the  electrolyte/air  interface  with 
a  non-conducting  polymeric  masking  material.  As  a  result,  the  observed  ac  re¬ 
sponse  decreased  by  several  orders  of  magnitude,  but  could  still  be  measured. 

The  results  for  the  ac  response  expressed  as  Z~*.  and  the  dc  current, 
Idc,  are  presented  in  Fig.  13  as  a  function  of  potential  for  several  fre¬ 
quencies.  Several  important  observations  can  be  made  concerning  the  data  in 
Fig.  13.  First,  the  cathodic  dc  current  shows  a  plateau  around  -900  mV  which 
corresponds  to  the  diffusion  limited  current  for  oxygen  reduction  and  relates 
to  the  hydrodynamic  conditions  at  the  electrolyte/metal  interface  of  the  bulk 
specimen  due  to  the  slight  agitation  of  the  sample  with  the  cyclic  load.  A 
plot  of  the  plateau  Idc  vs  the  root  of  the  frequency,  /f,  shows  the  expected 
linear  relationship  (Fig.  14).  The  ac  response  provides  information  related 
to  the  electrochemical  kinetics  in  the  crack  tip.  The  minimum  of  Iac  vs  ap¬ 
plied  potential  in  Fig.  13  represents  the  point  where  applied  cyclic  load 
results  in  the  least  change  in  current  and  presumably  occurs  at  the  position 
of  the  open  circuit  potential  for  the  crack  tip,  e£.  Minima  in  the  ac 
response  of  fatigued  stainless  steel  have  been  observed  at  applied  anodic 
potentials  and  related  to  the  pitting  and  breakdown  potentials.*® 

The  fact  that  the  ac  current,  as  represented  by  in  Fig.  13,  does 
not  actually  go  to  zero  may  be  due  to  the  fact  that  some  ac  current  will 
always  flow  in  the  crack  as  a  result  of  the  charging  of  the  double  layer  and 
as  a  result  of  forming  and  eliminating  surfaces  produced  by  the  emerging  slip 
steps  despite  the  fact  that  no  net  faradaic  current  flows.  It  is  significant, 
however,  that  the  effective  corrosion  potential  E^  of  the  new  surface  formed 
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at  the  crack  tip  can  be  evaluated  using  this  technique.  As  indicated  in  Fig. 
13  and  plotted  in  Fig.  15,  the  difference  between  open  circuit  potential  of 
the  bulk  material,  EQ  and  that  of  the  crack  tip,  E^,  decreases  with  applied 
frequency.  At  1  Hz,  shifts  more  than  200  mV  in  the  active  di rection(toward 
negative  potentials),  while  at  8  Hz  the  shift  is  only  30  mV. 


f.  Hx 


Fig.  15  The  difference  between  the  open  circuit  potential  E  of  the  bulk 
A1  7075  and  the  crack  tip  Ec  as  a  function  of  the  frequency  of 
the  modulation  of  aK.  0 


The  frequency  dependence  of  the  corrosion  processes  in  the  crack  tip 
may  also  be  Illustrated  in  Fig.  16  which  shows  the  crack  growth  rates  at  -750 

mV  In  terms  of  both  da/dt  and  da/dN,  and  the  fatigue  admittance,  ZT*,  for  -750 

-1  c  K 

mV  and  Z.  estimated  for  E  .  The  crack  growth  rates  show  the  type  of 

Is  f  O  0 

frequency  dependence  typical  of  dissolution  controlled  processes  activated  by 
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plastic  strain  In  the  crack  tip  region.  The  ac  response  as  represented  by 
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Fig.  16  Fatigue  admittance  and  crack  growth  rates  as  a 
function  of  frequency. 


the  fatigue  admittance  shows  a  maximum  with  respect  to  frequency.  This 
apparent  resonance  effect  is  believed  to  result  from  the  tuning  of  the  cyclic 
modulation  of  K  to  the  kinetics  of  the  corrosion  process  as  illustrated  in 
Figs.  17a  and  b. 

Upon  loading  the  fatigue  cracked  specimen,  slip  steps  emerge  at  the 
crack  tip,  and,  after  a  short  induction  time,  a  rapid  dissolution  process 
occurs  as  a  result  of  anodic  attack  of  the  emerged  slip  steps.  This  process, 
however.  Is  self  limiting  and  after  a  sufficient  time  the  local  dissolution  of 
the  new  surface  stops  when  the  active  surface  of  the  slip  steps  has  been  con¬ 
sumed  and  the  current  falls.  Figure  17a  schematically  shows  this  mechanism. 

As  a  result,  the  rms  ac  current  response  will  be  optimized  where  the 
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TIME  1*1  — •*- 


17a  Schematic  of  the  electrochemical  dissolution  of 
emerging  slip  steps. 


Fig.  17b 

Schematic  of  the  electrochemical 
mechanical  resonance  resulting 
from  slip  step  dissolution 
kinetics. 
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characteristic  time  for  the  metal  dissolution  equals  one  half  of  the  load 
cycle  as  shown  in  Fig.  17b.  This  explains  the  occurrence  of  the  maximum 
Z^1  in  Fig  16.  The  characteristic  time  for  the  slip  step  dissolution/ 
oxidation  is  therefore  0.2  s  at  -750  mV  in  0.5  M  NaCl. 

The  extent  of  dissolution  that  occurs  in  a  cycle  that  contributes  to 
CF  can  be  estimated  by  considering  the  observed  ac  current  of  0.35  ^amp  at  the 
corrosion  potential  Ec  of  the  crack  tip  for  2.5  Hz.  This  corresponds  to  a 

o  i  i  o 

charge  of  0.28  ^coul  per  cycle  or  conversion  of  a  volume  of  10"1  cm  of  A1 
metal  to  Al(III)  compounds.  Alternatively,  the  current  density  responsible 
for  the  CF  component  of  the  fatigue  can  be  determined  as  3  A/cm  assuming  the 
CF  component  of  the  crack  rate  is  10“4  cm/s  (Fig.  16).  Using  the  observed 
currents  of  0.35  ^A,  this  implies  that  an  area  of  1.1  *  10"'  cm  represents 
the  critical  portion  in  the  crack  where  corrosion  occurs.  Certainly  this  is  a 
small  area,  but  it  is  consistent  with  the  observation  made  by  Duquette  and 
Uhlig15  that  removal  of  the  equivalent  of  10-4  atom  layer/cycle  could  explain 
the  CF  behavior  in  steel.  The  important  point  is  that  enhanced  dissolution/ 
oxidation  of  active  sites  on  an  atomic  scale  (e.g.  slip  bands)  can  be  effi¬ 
ciently  directed  by  the  fatigue  process  into  enhanced  crack  growth. 

These  initial  results  show  that  a  wealth  of  information  can  be 
obtained  using  a  technique  which  scrutinizes  the  electrochemical  kinetics  of 
the  crack  tip  during  fatigue.  Further  work  needs  to  be  done  to  quantify  the 
technique  to  extend  it  to  other  systems  of  potential  importance. 
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4.0  SUMMARY 

The  results  presented  here  show  that  the  electrochemical  impedance 
and  the  mechanical  admittance  techniques  can  evaluate  whether  necessary 
conditions  exist  for  SCC  since  they  provide  sensitive  measures  of  the  coupling 
of  electrochemical  processes  to  applied  mechanical  stress.  Both  tests  can  be 
used  to  detect  regions  of  potential,  metallurgical  conditions  or  environmental 
compositions  where  SCC  could  occur.  Confirmation  of  the  susceptibility  to  SCC 
would  require  some  further  mechanical  tests.  Measurements  of  the  mechanical 
admittance  provide  information  concerning  the  mechanical  properties  of 
protective  films  which  are  lacking  at  present,  but  are  very  much  needed  to 
understand  SCC  of  passive  systems. 

The  effective  fatigue  admittance  provides  a  method  for  evaluating  the 
electrochemical  properties  and  kinetics  that  occur  at  the  crack  tip.  This 
method  provides  useful  insights  into  the  mechanistic  aspects  of  CF.  The 
results  for  the  CF  of  A1  7075-T73  in  0.5  M  NaCl  show  that  dissolution  or 
oxidation  of  emerging  slip  steps .although  representing  a  small  extent  of 
corrosion,  significantly  enhances  the  fatigue  rate. 

All  of  the  measurements  described  here  provide  preliminary  data  for 
the  use  of  new  techniques  which  by  design  are  highly  selective  to  those 
electrochemical  reactions  which  result  from  applied  stress.  The  mechanical 
admittance  test  should  be  applied  to  other  systems  exhibiting  SCC  in  a  narrow 
potential  or  composition  range  in  order  to  gain  further  confidence  in  the 
approach.  As  for  the  fatigue  admittance,  additional  data  should  be  obtained 
for  the  fatigue  of  the  A1  7075  system.  Methods  for  enhancing  the  S/N  resolu¬ 
tion  of  the  measurement  must  be  obtained  and  data  for  wider  ranges  of  crack 
growth  rate,  aK, frequency,  potential  and  pH  for  a  variety  of  alloy/ 
environmental  conditions  need  to  be  obtained  in  order  to  conclusively  evaluate 
the  validity  of  the  approach. 
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5.0  RECOMMENDED  USE  OF  THE  IMPEDANCE  TECHNIQUES 

Electrochemical  impedance  techniques  have  been  found  to  be  useful  for 
evaluation  of  the  electrical  properties  of  films  formed  on  carbon  steel 
surfaces  in  carbonate/bicarbonate  solutions  and  pH  4  phosphate  solutions. 

When  an  applied  stress  ruptures  these  films,  changes  in  the  electrical 
properties  as  determined  from  the  electrochemical  impedance  spectra  have  been 
shown  to  occur.  Electrochemical  impedance  can,  therefore,  evaluate  the 
integrity  of  surface  films  under  the  conditions  of  corrosion  and  stress 
without  polarizing  the  metallic  surface.  The  method  can  best  be  used  in 
laboratory  testing  for  evaluating  the  relative  stability  of  surface  films 
under  conditions  related  to  SCC. 

Mechanical  impedance  methods  enable  an  evaluation  of  the  extent  to 
which  applied  cyclic  stress  couples  to  electrochemical  reactions.  For  C 1 1 17 
steel  in  phosphate  (pH  4)  and  carbonate/bicarbonate  solutions  the  increase  of 
the  mechanical  admittance  above  the  baseline  indicates  the  necessary  condi¬ 
tions  for  SCC.  Furthermore,  the  test  is  nondestructive  in  that  the  amplitude 
of  the  applied  cycle  stress  does  not  exceed  the  elastic  limit  of  the  bulk 
material.  Use  of  the  method  for  screening  materials  and  environments  for  the 
presence  of  conditions  necessary  for  SCC  is  recommended.  It  defines  a  smaller 
number  of  additional  CERT  tests  that  would  have  to  be  performed  to  actually 
confirm  that  sufficient  conditions  for  SCC  are  present  and  SCC  actually  oc¬ 
curs.  The  mechanical  impedance  method  shows  promise  as  a  tool  for  simplifying 
the  process  of  evaluating  materials  and  environments  for  SCC  susceptibility. 
The  application  of  the  mechanical  admittance  method  to  CF  allows  the  study  of 
crack  tip  phenomena.  This  method  needs  to  be  applied  to  a  large  variety  of 
metal /envi ronment  systems  for  comparison  of  kinetics  and  mechanisms  of  CF. 
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6.0  RECOMMENDED  FUTURE  RESEARCH 

The  work  performed  under  this  project  can  be  considered  as  an  initial 
effort  to  adapt  electrochemical  impedance  techniques,  which  have  been  found  to 

be  very  useful  for  the  evaluation  of  corrosion  inhibition  by  inhibitors  and 

12 

coatings,  to  the  evaluation  of  SCC  and  CF.  Some  questions  concerning  the 
mechanical  impedance  technique  remain  at  this  point.  Talbot  et  al10  have 
observed  different  levels  of  alternating  current  responding  to  the  cyclic 
reverse  bending  of  a  carbon  steel  specimen  in  alkaline  and  neutral  elec¬ 
trolytes  as  a  function  of  time.  Are  induction  times  necessary,  or  does  the 
system  require  a  certain  time  for  films  to  develop  before  an  enhanced  mech¬ 
anical  admittance  occurs  in  the  susceptible  region?  Measurement  of  the  time 
dependence  of  the  mechanical  admittance  of  Cl 1 1 7  steel  in  carbonate/bicarbonate 
solution  are  needed  at  potentials  in  the  active,  acti ve-to-passi ve  and  passive 
regions  to  answer  this  question. 

It  is  possible  to  evaluate  the  mechanical  properties  of  films  by 
measuring  the  mechanical  admittance  as  a  function  of  applied  stress  and  mean 
stress  amplitude  in  the  elastic  region.  Such  measurements  would  be  extremely 
valuable  since  almost  no  data  exist  concerning  the  mechanical  properties  of 
protective  films  such  as  passive  layers  on  ferrous  materials  and  the  oxide 
films  on  A1  alloys.  The  strain  where  the  film  ruptures  may  be  accurately 
detected  as  a  rapid  increase  of  the  mechanical  admittance  at  a  certain  stress 
amplitude,  which  relates  directly  to  strain  in  the  elastic  region.  Strain 
rates  corresponding  to  the  frequency  of  the  applied  stress  also  play  an 
important  role  in  the  stability  of  surface  films.  Some  enhanced  mechanical 
admittance  occurred  even  in  the  passive  regions  at  the  higher  frequencies  of 
applied  stress.  The  mechanical  admittance  of  the  C1117  steel  in  70°C 
carbonate/bicarbonate  needs  to  be  measured  as  a  function  of  stress  amplitude 
and  frequency  in  the  active,  passive  and  acti ve-to-passi ve  regions  to  com¬ 
pletely  evaluate  the  mechanical  properties  of  the  films  formed  as  a  function 
of  potential  on  the  steel  surface.  The  results  of  this  study  will  indicate 
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the  role  that  the  mechanical  properties  of  surface  films  might  have  on  SCC. 
Such  information  is  lacking  at  present. 

Preliminary  fatigue  admittance  data  related  to  the  CF  behavior  of  A1 
7075  are  consistent  with  a  slip-band  anodic  dissolution/oxidation  mechanism 
for  CF  of  the  A1  7075  material.  The  experiments  were  performed  with  a 
constant  R  ratio  of  0.3  and  aK  =  350  Pa/mm.  Further  work  needs  to  be  per¬ 
formed  to  evaluate  the  influences  of  crack  closure  by  varying  the  R-ratio  over 
a  broader  range  to  include  conditions  of  both  nearly  complete  crack  closure 
and  complete  crack  opening.  Also  the  relationship  between  fatigue  rate  and 
fatigue  admittance  can  be  determined  from  a  large  number  of  tests  run  at 
different  potentials  and  aK.  Similar  experiments  should  be  performed  for 
steel.  Development  of  a  quantitative  relationship  between  fatigue  rate  and 
fatigue  admittance  will  provide  a  rapid  means  for  predicting  CF  life. 
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